The commonly accepted notion of a weak unified coupling α X ≈ 0.04, based on the assumption of the MSSM-spectrum, is questioned. It is suggested that the four-dimensional unified string coupling should very likely have an intermediate value (∼ 0.2 − 0.3, say) so that it may be large enough to stabilize the dilaton but not so large as to disturb the coupling-unification relations. Bearing this in mind, as well as the smallness of the MSSM unification scale M X compared to the string scale, the consequences of a previously suggested extension of the MSSM spectrum are explored. The extension contains two vector-like families of quarks and leptons with relatively light masses of order 1 TeV, having the quantum numbers of 16 + 16 of SO(10). It is observed that such an extension provides certain unique advantages. These include: (a) removing the stated mismatch between MSSM and string unifications with regard to α X and to some extent M X as well, (b) achieving coupling unification with a relatively low value of α 3 (m Z ), in accord with its world average value, and (c) following earlier works, providing a simple explanation of the observed inter-family mass-hierarchy. The extension provides scope for exciting new discoveries, beyond those of SUSY and Higgs particles, at future colliders, including the LHC and the NLC.
Introduction
Achieving a complete unity of the fundamental forces together with an understanding of the origin of the three families and their hierarchical masses is among the major challenges still confronting particle physics. Conventional grand unification falls short in this regard in that owing to the arbitrariness in the Higgs sector, it does not unify the Higgs exchange force, not to mention gravity. Superstring theory is the only theory we know that seems capable of removing these shortcomings. It thus seems imperative that the low energy data extrapolated to high energies be compatible with string unification.
It is, however, known [1] that while the three gauge couplings, extrapolated in the context of the minimal supersymmetric standard model (MSSM) meet, at least aproximately [2] [3] [4] [5] , provided α 3 (m Z ) is not too low (see later), their scale of meeting,
16 GeV , is nearly 20 times smaller than the expected (one-loop level)
string-unification scale [6] of M st ≃ g st × (5.2 × 10 17 GeV ) ≃ 3.6 × 10 17 GeV .
It seems to us that there is still a second mismatch concerning the value of the unified gauge coupling α X at M X . Subject to the assumption of the MSSM spectrum, extrapolation of the low energy data yields a rather low value of α X ∼ 0.04 [2] [3] [4] [5] , for which perturbative physics should work well near M X . On the other hand, it is known [7] that non-perturbative physics ought to be important for a string theory near the string scale, in order that it may help choose the true vacuum and fix the moduli and the dilaton VEVs. The need to stabilize the dilaton in particular would suggest that the value of the unified coupling at M st in four dimensions should be considerably larger than 0.04 [8] . At the same time, α st should not be too large, because, if α st ≫ 1, the corresponding theory should be equivalent by string duality [9] to a certain weakly coupled theory that would still suffer from the dilaton runaway problem [10] . Furthermore, α st at M st should not probably be as large as even unity, or else, the one-loop string unification relations for the gauge couplings [6] would cease to hold near M st (e.g. in this case, the string threshold corrections are expected to be too large) and the observed (approximate) meeting of the three couplings would have to be viewed as an accident. In balance, therefore, the preceding discussions suggest that an intermediate value of the string coupling α st ∼ 0.2 − 0.3 at M st in four dimensions, which might be large enough to stabilize the dilaton, but not so large as to disturb significantly the coupling unification relations, is perhaps the more desired value. It is thus a challenge to find a suitable variant or alternative to MSSM which removes the mismatch not only with regard to the meeting point M X , but also with regard to the value of α X .
A third relevant issue is that the world average value of α 3 (m Z ) = 0.117 ± 0.005 [11] seems to be low compared to its value that is needed for MSSM unification.
Barring possible corrections from GUT threshold and Planck scale effects, the latter is higher than about 0.127, if mq < 1 T eV and m 1/2 < 500 GeV [2] [3] [4] [5] .
It is conceivable that the resolution of all three issues raised above-i.e. (a) understanding fermion mass-hierarchy, (b) removing incompatibility between MSSM and string unification, and (c) accommodating low α 3 (m Z )-have a common denominator.
The purpose of this note is to explore just this possibility, the common denominator in question being a previously suggested extension of the MSSM spectrum [12, 13, 14] that contains two vector-like families and their SUSY partners, having the quantum numbers of 16 + 16 of SO (10), all with masses of order 1 TeV.
It has been noted for some time that the existence of two such families enables one to obtain a simple understanding of the observed inter-family mass-hierarchy of the three chiral families [13] . The argument will be presented briefly in Sec. 3. On the experimental front it is interesting to note that although the precision measurements of N ν and of the oblique electroweak parameters (S, T and U) disfavor a fourth chiral family, they are rather insensitive to vector-like families [15, 14] .
The existence of two vector-like families together with three chiral families and the associated form of the 5×5 fermion mass matrix was in fact derived in the context of a SUSY preon model [12, 16] . Such a spectrum could well emerge, however, even if quarks, leptons and Higgs bosons are elementary, e.g. from a superstring theory.
In view of its prospects for providing exciting discoveries at the LHC and NLC, we propose to explore here whether such a spectrum might have some additional advantages, in the context of an elementary quark-lepton-Higgs theory, in bridging the gap between MSSM and string unifications mentioned above, and simultaneously accommodating low α 3 . Before proceeding, we note a few alternative suggestions which have been proposed to address some of these issues.
First, a very intriguing suggestion in this regard has recently been put forth by
Witten [17] . Using the equivalence of the strongly coupled heterotic SO(32) and the [19] .
Such a resolution is in principle possible, but it would rely on the delicate balance between the shifts in the three couplings and on the existence of very heavy new matter which in practice cannot be directly tested by experiments. Also, within such alternatives, as well as those based on non-standard hypercharge normalization [20] and/or large string-scale threshold effects [21] , α X typically remains small (∼ 0.04), which is not compatible with the need for a larger α X , as suggested here.
The Extended Supersymmetric Standard Model (ESSM)
Bearing in mind the discussions above, we study the running of the coupling constants within the variant spectrum of quarks and leptons proposed some time ago [12, 13, 14] that assumes the standard model gauge symmetry but extends the MSSM spectrum by adding to it two light vector-like families (10), whereas the latter states that no more than one such pair can be added, or else the gauge couplings would grow too rapidly and would become nonperturbative far below the unification scale [22] . While in this note, we do not address the derivation of such a spectrum in string theories, it is worth noting that the emergence of pairs of 27 + 27 of E 6 or 16 + 16 of SO(10) in addition to chiral multiplets is rather generic in string theories [23] . But the extra pair having masses ∼ 1 T eV will inevitably raise the value of α X at the meeting point, as desired. However, they will not raise M X , in one loop. But once α X is raised to 0.2 to 0.3 (see discussions later), two-loop effects are expected to be important especially near M X . Our main task thus is to examine whether these two-loop effects for the ESSM spectrum, including contributions from gauge as well as Yukawa interactions, would still retain the meeting of the three couplings while raising α X as well as M X .
It is worth noting that there have been past attempts [24] to study the question of the meeting of the coupling constants by adding new families (chiral or vector) to the MSSM spectrum. Our approach and results will differ, however, from those of the past attempts because (i) We use a specific (yet most economical) pattern of the Yukawa coupling matrix (see below) which is tied to our desire to understand the inter-family mass hierarchy [12, 13] . (ii) We include the contributions of these Yukawa couplings on the running of the gauge couplings in two-loop, which turns out to be quite important, but which have been neglected in past attempts. (iii) We use smoothed out threshold effects near the TeV scale [3] [4] [5] . (iv) And finally, owing to the beneficial effects of the Yukawa couplings (see later), we stay within semiperturbative limits with α X ∼ (0.2 − 0.3), in contrast to α X ∼ O(1) in Ref. [24] so that our results using the two loop β-functions are expected to be more reliable.
The Yukawa coupling matrix in ESSM
Following Ref. [13, 12] , it is known that the inter-family mass-hierarchy is reproduced simply if the three chiral familiies q Short of deriving such a mass-matrix from a string theory, we will assume suitable discrete symmetries (see later) which ensure this feature. To a good approximation the corresponding 5 × 5 Yukawa coupling matrix, near the presumed unification scale, is thus assumed to have the simple form:
Here the symbol q, Q, and Q ′ stand for quarks as well as leptons, and i 
Renormalization Group Analysis for ESSM
We have performed a full two-loop analysis of the relevant renormalization group equations of the gauge couplings including the contributions of the Yukawa couplings as given in Eq. (1). To two-loop order, the RGE for the gauge coupling evolution are given by
where the coefficients b i and b ij are:
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In addition to the Yukawa couplings given in Eq. (1), we have assumed the following terms in the superpotential: We study the evolution of the gauge couplings using two-loop RGE (i.e., Eq. (2) 
The contribution of each individual particle denoted byb i to the regional one-loop coefficientsb i is listed in Table 1 . The correspondingb ij are not exhibited here. as well as contributions from the top and the Yukawa couplings of vector-like quarks to obtain
where ∆ To evaluate ∆ i and thus∆ i we use exact one-loop threshold functions given by [3, 25] 
Here (F, S) denote (fermion,scalar) and w(q/m) ≡ 1 + 4m 2 /q 2 .
The values of ∆ i 's would depend somewhat, as in MSSM, on the assumed masses of the new particles. Considerations based on (a) QCD renormalization effects which enhance the masses of (Q,Q,q,g) relative to (L,L,l,W ), (b) the need to avoid unnatural fine-tuning, (so that mq ≤ 1 T eV, |m Q − mQ| ≤ 300 GeV ) and (c) simplicity of analysis, we assume the pattern:
GeV . The QCD renormalization effects are taken from our preliminary analysis as a guide, which will be presented eleswhere. Owing to the added importance of the two-loop effects in ESSM, even if gaugino masses were universal at M X , we obtain (ignoring Yukawa effects for this purpose) mg/mW ≈ 2.
This is in contrast to the one-loop value of mg/mW ≈ α 3 /α 2 ≈ 3.5, for MSSM. Using this as a rough guide and also allowing for the possible lack of universality at M X , we will vary mg/mW in the range of 1.5 to about 3 for ESSM.
To study the evolution of the α i 's in region II (µ 0 ≤ µ ≤ 10 18 GeV ), we will assume here that all the relevant Yukawa couplings involving the third family are
, so that they approach their fixed point values near the electroweak scale [26] . We have derived the full set of one-loop RGE for the evolution of the Yukawa couplings of the ESSM. For brevity, these equations are not presented here [27] . Solving these coupled RGE Eqs. (2)- (4), and using typical values of M X ≈ 10 17 GeV and α X ∼ 0.25 (see later), we find that the Yukawa couplings acquire their near-fixed point values at 1 TeV, given by:
These will be taken as their input values at 1 T eV [26] .
An interesting comment is in order regarding the value of m b /m τ . Naively, without the assistance of the Yukawa couplings, owing to the large ratio
would be much too big compared to experiments at the low scale, if it were equal to m τ at M X . However, with the effects of the Yukawa couplings included, we obtain m b /m τ ≃ 2.53 at 1 TeV, which is compatible with observation.
To determine the gauge couplings at m Z we follow the mass dependent subtraction procedure (MDSP) [3] , which is suited to include the non-logarithmic threshold effects. We denote the initial values of the couplings at m Z in the MDSP scheme byα i (m Z ) [28] . Following Ref. [4, 3] , we choose G F = 1.6639 × 10 −5 GeV −2 , m Z = 91.187 GeV and α −1 (0) = 137.036 as input values (rather than α em (m Z ) and sin
of the MS scheme), together with a value for m t ≈ 180 GeV and a chosen ESSMspectrum to detemrineα 1 andα 2 at m Z . We next choose a varying input value for α 3 (m Z ) ≈ 0.12 − 0.127 in the MDSP scheme [28] and extrapolate the three gauge couplings upward, for a given spectrum, to test unification. Following preceding discussions, we consider a few cases for the spectrum as noted below.
Case 1: mW = 75 GeV, mg = 250 GeV, ml = m H = mH = 400 GeV, mq = 600 GeV, m L = mL = 900 GeV, m Q = mQ = 2.2 T eV . Using Eq. (9) Case 2: mW = 75 GeV, mg = 215 GeV, ml = m H = mH = 300 GeV, mq = 500, m L = mL = 500 GeV, m Q = mQ = 1.5 T eV : For this case [29] , the couplings meet almost perfectly at M X ≈ .8 × 10 17 GeV with α X ≈ 0.25 andα 3 (m Z ) = 0.125 (see Fig. 2 ).
Case 3: mW = 90 GeV, mg = 170 GeV, ml = m H = mH = 400 GeV, mq = 600 GeV, m L = mL = 900 GeV, m Q = mQ = 2.2 T eV . Here we get perfect meeting with M X ≈ .7 × 10 17 GeV, α X ≈ .22 andα 3 (m Z ) = .123 (see Fig. 3 ).
While we have not explored the parameter space pertaining to the spectrum of the new particles and variation in α 3 (m Z ) in any detail, we find it indeed remarkable that the three couplings meet, even perfectly for many cases, for a fairly wide variation in the ESSM spectrum beyond what we have exhibited here [30] . The corresponding values of α X , M X andα 3 (m Z ) in ESSM are found to lie in the ranges of [31] :
Thus we see that ESSM leads to coupling-unification, with an intermediate value of α X , and a lower value of α 3 (m Z ) than that needed for MSSM unification, just as desired. The resulting M X ∼ 10 17 GeV is higher than the MSSM value, but it is still lower than the one-loop string-unification scale of Ref. [6] , which, for
GeV . This remaining gap between M X and M st may have its resolution in part due to the increased importance of two-loop string threshold effects, corresponding to an intermediate value of α X , which could lead to significant corrections to the one-loop formula for M st [6] , and in part due to the relative imporance of three and higher loop effects, which may shift M X (see remarks below). In other words, considering the proximity of M X ∼ 10 17 GeV to the expected string scale of (5−8)×10 17 GeV , contributions from the infinite tower of heavy stringstates, which have been neglected in the running of α i 's, and quantum gravity may play an important role in bridging the relatively small gap between M X and M st [32] . These appear to be distinct advantages of ESSM over MSSM.
Before concluding, the following points are worth noting.
(i) Even if ESSM-unification might be closer to the truth, it provides a simple reason why the couplings appear to meet, at least approximately, even for MSSM. As alluded to before, the reason is that in one loop, unification of couplings in one scheme implies that for the other, though with a vastly different α X . The two models differ only in two loop and thereby in the resulting values of M X , α X as well as α 3 (m Z ).
(ii) The two loop gauge coupling contribution (i.e., b ij terms in Eq. (2)) which raise the slopes of α i , together with the softening effects of the Yukawa contributions which do the opposite, turned out to play an important role [33] in achieving unification for ESSM. It is the interplay of these two contributions which leads to a good meeting of the three gauge couplings (Fig. 1-3 ) with a low α 3 (m Z ).
(iii) Although 3-loop effects could be important especially in fixing M X , we expect our calculation based on 2-loop contributions presented here to be still fairly reliable, at least for the range m Z ≤ µ ≤ 10 15 GeV for which the couplings are small (i.e., α 1,2 ≤ 0.12, α 3 ≤ 0.18, see Fig. 1-3) . By the time µ rises to 10 15 GeV , the three couplings, especially α 1 and α 2 , begin turning sharply upward together in a manner that the tendency of the three curves to converge to a common meeting point is already apparent (see Fig. 1-3 ). Owing to the coupled RGE for the three α i , we suspect that this tendency would persist in three and higher loops [32] . Owing to the advantages mentioned above, ESSM appears to be an attractive, yet falsifiable, alternative to MSSM.
reaches or exceeds M st . Such a behavior, although hard to demonstrate with the present state of the art, would seem to be in accord with the intrinsic finiteness of the string theory. The true M X and α st in this case would be somewhat higher than that exhibited by the meeting point in Fig. 1-3 .
[33] The importance of two-loop contributions in ESSM arises espcially because the one-loop β-function for α 3 almost vanishes, i.e, b 3 = −9 + 2n g = +1 for ESSM, but −3 for MSSM, see Eq. (2).
[34] CDF Collaboration (Abe et. al.), Fermilab-PUB-96/020 E (1996).
[35] Although in this paper we have assumed the standard model gauge symmetry below the string scale, the ESSM spectrum would still help raise α X even if a higher symmetry like G 224 ≡ SU(2) L × SU(2) R × SU(4) C or one of its subgroups emerges from strings, which breaks to the standard model symmetry at a scale ∼ 10 16 GeV . These cases need to be studied separately.
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Figs. 1-3: Plots of α −1 i (Fig 1) and α i (Figs. 2-3 ) as a function of µ.
